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Abstract 12 
Volcanic systems are comprised of a complex combination of ongoing eruptive activity and 13 
secondary hazards, such as remobilized ash plumes. Similarities in the visual characteristics of 14 
remobilized and erupted plumes, as imaged by satellite-based remote sensing, complicate the 15 
accurate classification of these events. The stereo imaging capabilities of the Multi-angle Imaging 16 
SpectroRadiometer (MISR) were used to determine the altitude and distribution of suspended 17 
particles. Remobilized ash shows distinct dispersion, with particles distributed within ~1.5 km of 18 
the surface. Particle transport is consistently constrained by local topography, limiting dispersion 19 
pathways downwind. The MISR Research Aerosol (RA) retrieval algorithm was used to assess 20 
plume particle microphysical properties. Remobilized ash plumes displayed a dominance of large 21 
particles with consistent absorption and angularity properties, distinct from emitted plumes. The 22 
combination of vertical distribution, topographic control, and particle microphysical properties 23 
makes it possible to distinguish remobilized ash flows from eruptive plumes, globally.  24 
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1. Introduction 28 
Volcanic eruptions produce a variety of hazards, broadly defined as primary, generated by 29 
eruptive events, and secondary, generated by the interaction of previously erupted volcanic 30 
products with external forces. Common secondary volcanic hazards include lahars (volcanic 31 
mudflows) and remobilized volcanic ash plumes (particles re-suspended by high winds). The 32 
identification of remobilized ash plumes with satellite imaging can be complicated by their visual 33 
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similarity to erupted emissions (Flower & Kahn, 2017). Incomplete records limit studies on 34 
remobilized plumes. The misclassification of these secondary hazards can also falsely inflate the 35 
volcano eruptive statistics (Flower & Kahn, 2017), particularly where minimal ground-based 36 
monitoring is available for classification purposes. To conduct an in-depth analysis of 37 
remobilized ash events, a method for distinguishing these plumes from active eruptions is 38 
required. Particles re-suspended into the boundary layer by strong winds should display 39 
characteristics distinct from erupted plumes due to differences in the plume generation processes. 40 
For example, we expect the vertical profiles of suspended particles, and possibly also particle 41 
property differences, to help distinguish erupted plumes from remobilized ash.    42 
 43 
Multi-angle imaging obtained by NASA’s Multi-angle Imaging SpectroRadiometer (MISR) 44 
provides constraints on airborne particle vertical distribution. The ~380 km swath of MISR, 45 
maintained in polar Low Earth Orbit (LEO), produces revisit timing ranging from 8 days at the 46 
equator to 2 days near the poles. The increased revisit time in high latitude regions, due to orbital 47 
track convergence, makes monitoring of Kamchatka, Russia ideal. Kamchatka hosts multiple 48 
active volcanoes within the MISR mission period (2000-present), located between 51°N and 49 
57°N latitude. A review of all coincident MISR orbits, using the methodology as described in 50 
Flower & Kahn (2017), identified 115 plumes from eight volcanoes during this period: Shiveluch, 51 
Kliuchevskoi, Bezymianny, Tolbachik, Kizimen, Karymsky, Zhupanovsky and Kambalny. A 52 
distinct subgroup of 19 plumes display characteristics similar to those expected from remobilized 53 
ash. These plumes were observed most frequently from July through early November (Flower & 54 
Kahn, 2017).  55 
The remainder of this paper details the unique features of remobilized ash plumes, as distinct 56 
from eruptive plumes, in the MISR imagery.  57 
 58 
 59 
2. Methodology 60 
MISR flies aboard NASA’s Terra satellite, launched in December 1999, providing over 17-years 61 
of near-global observations. MISR observes in four spectral bands, at 446, 558, 672 and 866 nm. 62 
It is unique in providing near-coincident imagery from nine cameras that view the surface at 63 
nadir, plus four steeper angles (26.1°, 45.6°, 60°, 70.5°), in the forward (F) and aft (A) directions 64 
(Diner et al., 1998). MISR data are provided at 1.1 km resolution, with improved resolution (275 65 
m) available at nadir and in the red spectral band at all other angles. The varying view angles 66 
provide details of particle suspension altitude (Moroney et al., 2002; Muller et al., 2002; Kahn et 67 
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al., 2007; Scollo et al., 2010; Nelson et al., 2008; 2013), and the range scattering angles and 68 
atmospheric path lengths contain information about particle amount and microphysical properties 69 
(Kahn & Limbacher 2012; Kahn & Gaitley 2015; Limbacher & Kahn 2014; 2017). As 70 
comprehensive assessment of particle property retrieval quality over land is currently limited, 71 
microphysical properties presented here include only those sections of plumes extending over 72 
dark water off the Kamchatka coast (Supplemental Material; 12 remobilized; 19 erupted).  73 
 74 
 75 
2.1. MISR plume profiling 76 
Plume height is derived from the parallax observed by matching MISR stereo images of plumes 77 
(Nelson et al., 2008; 2013). Parallax is the apparent shift in the position of visible atmospheric 78 
features relative to the underlying surface in different angular views. In practical terms, low-79 
altitude plumes display minimal parallax, whereas higher-altitude features appear to move 80 
progressively more (Figure 1). The MISR INteractive eXplorer (MINX) (Nelson et al., 2008; 81 
2013) is a software package that derives plume elevations from MISR hyper-stereo imagery, and 82 
was used here to map plume vertical extent. Users are required to outline the plume area and 83 
indicate the wind direction, from which elevations are retrieved at 1.1 km horizontal resolution; 84 
vertical resolution ranges from ~250 to 500 m, depending on retrieval conditions and whether the 85 
blue or higher-horizontal-resolution red band imagery is used (Nelson et al., 2013). Corrections 86 
are made to account for plume proper motion between the times different cameras observe a 87 
given surface location (<7 min). The retrievals actually determine the elevation of maximum 88 
spatial contrast for each pixel, and because most aerosol plumes are not uniform, the aggregated 89 
vertical distribution of retrieved pixel heights gives some indication of the aerosol layer vertical 90 
profile. Although red band (672 nm) retrievals have the best horizontal spatial resolution, 91 
successful height retrievals can be limited when contrast with the surface is low, e.g., over land, 92 
especially when plume aerosol optical depth (AOD) is low. Where few red band retrievals are 93 
successful, the blue band (446 nm) is used, as AOD tends to be higher at this wavelength. Plume 94 
heights are retrieved as Above Sea Level (ASL), with the corresponding terrain elevation also 95 
identified on height distribution plots (Fig. 2; Supplemental Material).  A lower limit for plume 96 
retrieval height was set within MINX to 250 m above terrain height, reducing the risk of 97 
contamination by surface signals. As such, wind-corrected plume heights for particles below 250 98 
m are not retrieved or displayed in the MINX plots presented here. MISR-derived volcanic plume 99 
heights have previously been found to display consistency with traditional observations (e.g., 100 
Scollo et al., 2012; Flower & Kahn, 2017).  101 
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 102 
 103 
 104 
Figure 1 – MISR images obtained on October 4, 2016 from: the 60° aft-viewing camera (Ca); the 105 
nadir camera; and the 70.5° forward-viewing camera (Df). Lines indicate the upper edge of the 106 
remobilized plume from Shiveluch (green) and the lower edge of the erupted plume from 107 
Kliuchevskoi (purple). Red and blue dots highlight fixed points in the images based on distinct 108 
coastal landmarks. Comparing plume line and dot positions indicates the apparent shift in plume 109 
position, relative to ground features.  (Terra Orbit: 89366; Path: 98; MISR Blocks: 45-47)   110 
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 111 
2.2. Plume microphysical properties 112 
The microphysical properties of suspended particles are difficult to categorize in situ, due to the 113 
innate hazards associated with direct sampling. Alternative techniques include collecting particles 114 
deposited on the surface, and remote-sensing methods. The sampling of deposited particles can 115 
provide skewed results, as sorting and aggregation can occur during the settling process. Remote 116 
sensing methods hold the potential to retrieve information about plume particles in suspension. 117 
However, relating optical properties derived from remote sensing to physical and chemical 118 
properties is not straightforward, especially for volcanic ash. Particle optical models are 119 
commonly assumed, based on laboratory analysis of surface samples. The limited number of 120 
volcanic plume measurements, and the varying properties of emitted particles, even from the 121 
same eruption of the same volcano, complicates the development of specific volcanic particle 122 
optical models. The MISR Standard Aerosol (SA; Martonchik.et al., 2002; 2009) and Research 123 
Aerosol (RA; Kahn et al., 2001; Limbacher & Kahn 2014) retrieval algorithms derive particle 124 
properties by comparing observed radiances against those simulated for aerosol mixtures with 125 
predetermined optical properties. Particles with different optical properties produce variations in 126 
the observed multi-angle, multi-spectral radiance signatures. This approach has been used to 127 
retrieve particle-type constraints for dust (Kalashnikova et al., 2005; Kalashnikova & Kahn, 128 
2006; 2008), volcanic plumes (Kahn & Limbacher 2012; Scollo et al. 2012) and global aerosol 129 
typing (Kahn & Gaitley, 2015).  For volcanic plumes in particular, the MISR radiance signature 130 
of ash particles has been approximated by different mixtures of large, non-spherical, non-131 
absorbing “cirrus” and slightly absorbing “dust grain” optical analogs, combined with large 132 
spherical non-absorbing and small spherical absorbing particles (Kahn & Limbacher 2012). The 133 
SA runs with 74 pre-determined mixtures comprised of up to three of eight individual aerosol 134 
components (Kahn et al., 2010), whereas for the current study, the RA classified observed 135 
radiances using 774 mixtures comprised of up to three of 14 components (Limbacher & Kahn, 136 
2014; 2017). 137 
Despite the limitations previously discussed, comparison of RA mixture analogs reveals 138 
qualitative differences in physical properties of emissions across and between plumes. Scollo et 139 
al. (2012) used the fraction of spherical particles in SA retrievals to distinguish SO2-dominant 140 
from ash-dominant plumes from Mount Etna, and validated the results against extensive ground-141 
based records. As in previous work, we interpret the RA output in terms of the fraction of mid-142 
visible AOD assigned to broad particle property classes: size (small - < 0.2 μm, medium – 0.2 – 1 143 
μm, large - > 1 μm), shape (spherical, spheroid, non-spherical), and light absorption or Single 144 
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Scattering Albedo (SSA) (strongly absorbing - 0.8, mildly absorbing - 0.9, non-absorbing - 1.0) 145 
within each MISR-imaged plume. 146 
 147 
3. Distinguishing plume types 148 
3.1. Plume height distributions 149 
MISR height distributions were produced for each observed plume in Kamchatka (see 150 
Supplemental Material). Comparing these profiles highlights the distinct dispersion 151 
characteristics of remobilized ash vs. erupted plumes (Fig. 2). Traditional eruption reports 152 
identify multiple instances when plumes were produced by re-suspension of previously deposited 153 
volcanic material (Global Volcanism Program, 2015; 2016). In a number of additional cases, 154 
these plumes occurred during registered periods of quiescence at the volcanoes from which they 155 
originated (KVERT, 2016a; 2016b), suggesting the events are not generated by primary volcanic 156 
activity. However, not all remobilized ash plumes identified here are classified as such by 157 
traditional reports, particularly where traditional observations are sporadic or monitoring relies on 158 
alternative (non-MISR) space-borne remote sensing observations. Of the 19 MISR-identified 159 
remobilized plumes, the majority (16) occurred at Shiveluch volcano (56.65°N, 161.36°E). Single 160 
observations were registered at: Karymsky (54.05°N, 159.44°E) and Kliuchevskoi (56.06°N, 161 
160.64°E), and two events at Kizimen (55.13°N, 160.32°E). 162 
 163 
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Figure 2 – MISR red-band stereo height retrieval maps (top) and height distributions as a function 165 
of distance from the vent (bottom), for a remobilized ash plume at Shiveluch (left - Terra Orbit: 166 
89366; Path: 98; MISR Blocks: 45-47) and an erupted ash plume from Karymsky volcano (right - 167 
Terra Orbit: 41469; Path: 97; MISR Blocks: 46-47). MISR stereo-derived height distributions 168 
assuming no wind correction are marked in red, whereas blue points show heights derived with 169 
the parallax corrected for plume motion. Heights are all reported above the geoid; green points 170 
indicate the surface elevation in the lower plots.  Note that the horizontal and vertical scales differ 171 
for plots (B) and (D), but the color bars used in (A) and (C) are identical. 172 
 173 
 174 
The documented (Global Volcanism Program, 2016) Shiveluch remobilized ash plume (Fig. 2a) 175 
occurred on October 4, 2016. The MISR plume height distribution indicates the suspended 176 
particles were confined to the boundary layer (<1.5 km above terrain height) and exhibit a general 177 
downward trajectory (Fig. 2b). In contrast, the eruptive plume from Karymsky (Fig. 2d) displays 178 
a measure of buoyancy despite being emitted at low altitude. Separation between the plume base 179 
and surface terrain is clearly visible in the erupted plume (Fig. 2d).  180 
Remobilized ash plumes consistently display characteristics similar to density flows (see 181 
Supplemental Material). Wind speeds, and corresponding particle lofting, tend to respond to 182 
changes in slope angle, downslope obstacles and changes in surface type, similar to the dispersion 183 
dynamics of pyroclastic density currents (Dufek et al., 2015). Ash remobilization is primarily 184 
driven by meteorological forcing (i.e., high near-surface wind speed; low relative humidity) and 185 
therefore is relatively independent of eruptive activity at the volcano of origin. Reported 186 
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remobilized ash events in Iceland and at Katmai (Alaska) were found to display similar dispersion 187 
characteristics to Kamchatka events (see Supplemental Material). 188 
 189 
3.2. Particle characteristics 190 
The MISR RA was used to investigate the particle microphysical properties of both erupted 191 
volcanic plumes and re-suspended ash (Fig. 3). Detailed MISR RA analysis in the current study is 192 
limited to over-ocean regions. Due to their proximity to the coast and relatively simple local 193 
topography, plumes generated by Shiveluch and Karymsky dominate results presented here. 194 
Based on these retrievals, remobilized plumes contain a large fraction of non-spherical particles 195 
(Fig. 3b) with minimal absorption (Fig. 3c), and show minimal variation across the plume length 196 
(Supplemental Material gives the results for all cases). In contrast, erupted plumes generally 197 
contain a higher fraction of small spherical particles (Fig. 3e) and relatively more absorption (Fig. 198 
3f). Erupted plumes also exhibit greater lateral dispersion from the plume core than remobilized 199 
plumes, as the fringes of the latter are more distinctly defined in the RA output (Fig 3). The edges 200 
of erupted plumes have lower AOD than the plume core, but still indicate higher absorption (Fig. 201 
3f) compared to remobilized ash plumes of equivalent size. The particle properties identified in 202 
erupted plumes vary depending upon eruption magnitude and magma composition (e.g., Scollo et 203 
al., 2012). Variations in volatile content between eruptions generate deviations in the RA-204 
retrieved components (see Supplemental Material). In contrast, remobilized events are less 205 
sensitive to magma composition and as such, display minimal shifts in particle properties over 206 
time. The retrievals indicate that remobilized plumes are consistently dominated by large (~ 1.28 207 
μm), non-absorbing (SSA > 0.99) particles.  208 
 209 
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 210 
Figure 3 – MISR Research Algorithm particle properties for two volcanic plumes. Maps in the 211 
left column were derived from a remobilized ash plume generated at Shiveluch on October 4, 212 
2016 (Terra Orbit: 89366; Path: 98; MISR Blocks: 45-47). The right column shows 213 
corresponding results for an erupted plume from Karymsky volcano on October 5, 2007 (Terra 214 
Orbit: 41469; Path: 97; MISR Blocks: 46-47). Three MISR-retrieved plume characteristics are 215 
included: Aerosol Optical Depth (AOD) - representing column aerosol amount; AOD fraction of 216 
non-spherical particles; and SSA, representing levels of light absorption by plume particles, with 217 
lower values indicating greater particle absorption. Red arrows indicate plume locations in Panels 218 
A and D. 219 
 220 
 221 
Analysis of dominant mixtures retrieved using the 774-mixture RA climatology reveal that 222 
remobilized plumes are dominated by a single mixture: “mixture 14,” characterized by large 223 
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(~1.28 μm) spherical non-absorbing particles with minimal (~5%) quantities of small spherical 224 
absorbing particles and medium, non-spherical grains (~5%). This mixture constitutes >84% of 225 
retrieved mixtures in all remobilized ash plumes analyzed (Fig. 4). In contrast, although erupted 226 
plumes from both Karymsky and Shiveluch contained this component (see Supplemental 227 
Material), it did not dominate the retrievals (three quarters of plumes displayed <45%). Eruptive 228 
plumes can also contain high proportions of large particles with minimal absorption and 229 
angularity, depending upon individual eruption characteristics. Due to similarities in the particle 230 
properties of essentially all observed remobilized ash plumes and some eruptive events, the 231 
MINX plume height profiles provide a more consistent method for distinguishing remobilized ash 232 
and eruptive volcanic plumes.  233 
  234 
 235 
Figure 4 – Box plots showing the proportion of the dominant remobilized mixture (‘Mixture 14’), 236 
for 19 remobilized events and 20 eruptive plumes imaged in Kamchatka, based on MISR RA 237 
retrievals run with the 774-mixture aerosol-type climatology.   238 
 239 
4. Tracking particle dispersion 240 
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Individual remobilized ash plumes were investigated to determine if patterns of dispersion might 241 
reflect details of their transport dynamics. The MISR-generated height distributions allow us to 242 
assess the concentration and altitude of particles to some extent (see Section 2.1), and to compare 243 
these with the underlying geography of the area.  244 
A large plume was observed at Kizimen volcano on January 1, 2011, following the resurgence of 245 
explosive activity on December 11, 2010. However, no direct observations were made at Kizimen 246 
during this period. Kizimen is located within an inland mountain range, resulting in greater 247 
susceptibility to terrain influence on low-altitude plumes. Initial identification resulted from a 248 
stark variation in surface reflectance observed in MODIS images from December 30, 2010 and 249 
January 1, 2011. The MODIS imagery cannot distinguish previously deposited from low-altitude 250 
suspended particulates, so the status of the event could not be ascertained from these data alone. 251 
MISR maps of suspended particle elevation reveal key information regarding plume dispersion 252 
dynamics. This plume was analyzed in four segments due to apparent variations in wind 253 
direction: the inland valley (IV) region and three distinct ocean entries (OE) (Fig. 5). Each profile 254 
is color-coded based on the initiation point of the plume retrieval for that segment. In the IV 255 
retrieval (purple), particles concentrated below 2 km ASL, ~1 km above the terrain. A mountain 256 
range running parallel to the coast, with peaks exceeding the maximum plume altitude (2.5 km), 257 
confined the particles within the adjacent inland valley. The control of particle dispersion by the 258 
local terrain categorizes this plume, and similar events, as topographically restricted hazards. As 259 
such, the risks associated with these events could be mapped for predictive purposes, using 260 
techniques similar to those applied to map lahars, landslides, and other topographically defined 261 
hazards.  262 
Visual inspection of each OE region with a nadir-viewing instrument such as MODIS indicates 263 
lateral dispersion. However, MISR profiles provide additional constraints on the vertical 264 
distribution of particles during transport. In each OE profile (green, blue, and orange), plume 265 
uplift is observed over ocean, with a peak in particle altitude occurring ~20 km from the coast. 266 
OE1 (green) displays the largest vertical variation, showing an increase from the average plume 267 
height (0.5 km) up to ~1.5 km. OE2 (blue) and OE3 (orange) both display altitude increases of 268 
~0.5 km above their respective average plume heights. Differences in the valley widths of each 269 
ocean entry, and the distances from the narrowest valley point to the ocean, are likely to have 270 
influenced the respective concentrations and vertical dispersion. OE1 is characterized by the 271 
widest ocean entry. Correspondingly, OE1 produced the most diffuse outlet due to lateral 272 
dispersion, with only 23% of the visible plume area containing sufficient AOD for MINX 273 
retrievals, compared to 46% and 50% for OE2 and OE3, respectively. The restriction of particle 274 
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release to valley regions would produce a strong pressure gradient, causing a corresponding 275 
increase in wind speed. MISR-retrieved wind speeds (Fig. 5) indicate that wind speed increased 276 
from < 4 m/sec to 18 m/sec, 11 m/sec and 16 m/sec for OE1 to OE3, respectively, following 277 
transition over the ocean in each analysis.  278 
 279 
 280 
Figure 5 – (A) MISR red-band stereo height retrieval map. (B-E) height profiles (Column 2) and 281 
wind speed (Column 3), as functions of distance, of a remobilized ash plume produced at 282 
Kizimen volcano on January 1, 2011 (Terra Orbit: 58711; Path: 97; MISR Blocks: 46-48). Plume 283 
elevation map (A); yellow lines denote user-defined wind direction for each plume. In the 284 
adjacent plots, MISR stereo-derived height distributions assuming no wind correction are marked 285 
in red; wind corrected points are shown in blue. Green points indicate the surface elevation above 286 
the geoid. Colored borders correspond to IV and OE plumes (see text). Note that the horizontal 287 
and vertical scales vary from panel to panel (B-E).  288 
 289 
The local topography also appears to significantly influence the dispersion of remobilized ash 290 
from Shiveluch (see Supplemental Material). Remobilized plumes predominantly disperse to the 291 
east, due to the horseshoe configuration of the Shiveluch caldera, breached to the southeast. 292 
Activity at Shiveluch is characterized by lava dome growth and collapses, with tephra layers 293 
deposited within the caldera (Global Volcanism Program, 2013). When strong winds occur, 294 
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dispersion of deposited particles is impeded to the north, south and west by the caldera rim. The 295 
easterly-dispersing remobilized plumes follow similar paths, transiting to the coast in the 296 
Kamchatka River valley over the settlement of Ust-Kamchatsk (56.22°N, 162.48°E). 297 
 298 
5. Discussion and Conclusions 299 
This work demonstrates that the profiling capabilities of MISR global, space-based multi-angle 300 
observations can be used to distinguish remobilized ash events from ongoing eruptive activity. 301 
Remobilized ash is generated under similar meteorological conditions, irrespective of the volcano 302 
of origin with particles confined in the boundary layer (typically <1.5 km). Although the results 303 
here focus on the Kamchatka region, the plume height technique can be applied globally, limited 304 
primarily by the MISR observation frequency (~2-8 days depending on latitude). Local 305 
topography has a strong influence on the dispersion of these low-altitude, limited-buoyancy 306 
plumes, as expected. Therefore, events occurring inland are more likely to pose a hazard to 307 
downslope populations than those occurring near the coastline, where particles are rapidly 308 
dispersed over ocean.  309 
In-depth analysis of particle microphysical properties, based on MISR RA retrievals, indicates 310 
relative uniformity regardless of particle source, both within individual remobilized ash plumes 311 
and between discrete events. This consistency is in contrast to erupted plumes, which vary, both 312 
across plume length and between events. Whilst the current RA particle optical property options 313 
are not optimized for volcanic plumes and there is limited capability to distinguish among sub-314 
groups of large-sized particles, clear qualitative differences can be seen between remobilized ash 315 
and erupted plume particles. 316 
To distinguish remobilized ash from erupted volcanic plumes imaged by MISR, plume height 317 
distributions can be pre-screened to identify those showing limited buoyancy and having particles 318 
confined within the boundary layer. Uniform, particle property retrievals, comprised primarily of 319 
large spherical non-absorbing particles (mixture ‘14’), would further support identification as 320 
remobilized-ash. However, care must be taken when applying the particle microphysical property 321 
distinction alone, as eruptions with minimal volatiles can generate similar RA signatures to 322 
remobilized plumes. 323 
Separating erupted from remobilized plumes will improve eruption frequency calculation, prevent 324 
aliasing volcanic plume studies with those generated by secondary processes, and could help with 325 
secondary volcanic hazard identification and modeling. As this is a satellite remote-sensing 326 
technique, it can be applied globally, even in remote regions where suborbital monitoring is 327 
lacking. 328 
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